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EVALUATION

The objective of this effort is the investigation of techniques which would be
applicable to adaptive time delay circuitry for use in Interference Cancellation
System (ICS) to reduce the detrimental effects of multipath propagation over a
broad bandwidth, Since the ICS is a balanced bridge arrangement, any movement
in the radiated path that is not corrected in the conducted path results in a
reduction of the cancellation obtained. On aircraft installations the flexing of the
wing antennas results in a varying radiated path that is not compensated for in the
conducted path. The basic purpose of the adaptive time delay unit is to provide the
corr;\pensaﬁon required in the conducted path to correct for the varying radiated
qu Se ’ .

The significance of this effort is that it has direct application to C3I aircraft,
reference R4C,

%:g»u £ ﬂfwéwmsz
WAYNE' E. WOODWARD
Project Engineer
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1.0 EXECUTIVE SUMMARY !

1.1 BACKGROUND

Interference cancellation systems have become a viable technique to
cope with the high interference environments that degrade communications
either at ground stations or on board aircraft. Better performance of inter-
ference cancellation systems is thus one method of improving communications
from aircraft to aircraft and between aircraft and ground stations. An inter-
ference cancellation system is essentially a balanced bridge with one part
of the bridge being the transmit-antenna-to-receive-antenna radiated path
and the other path being a conducted one between the transmitter and receiver
through which a.cancellation signal is synthesized. Any movement of either
antenna changes the radiated path and momentarily unbalances the system.
The result is a lower signal;to-noise ratio at the receiver and a degradation
of communications. Present systems are able to contend with some unbalance.
However, if one of the antennas experiences large movements, as for example,
when it is located on a flexing wing, large path changes result and the bridge
cannot adequately balance. To provide the compensation required for path
changes, an adaptive time delay device or circuit is needed in the conducted
path to correct for the varying radiated path length. The purpose of this

program is to study and investigate time delay techniques that lend themselves
to adaptive control in HF, VHF, and UHF band interference cancellation systems.

1.2 SUMMARY

The effort of this program was channeled in two directions: the under-
taking of a comprehensive survey of existing variable time delay techniques .
and experimental measurements on several delay line design models. The survey
concentrated on past delay line technology for the HF, VHF, and UHF band
as well as on technology developed for the lower microwave frequencies, i.e.,
L-band. Both acoustic and nonacoustic techniques were included in the survey.
The experimental effort was directed toward the construction and measurement
of helical delay lines and ferrimagnetic loaded delay lines. For the helical
delay line, a helix surrounding a ferrite rod was used as the center conductor

in a coaxial transmission line. The annular space in the coaxial line was '




filled with a high-permittivity dielectric material. For the ferrimagnetic
loaded line, ferrite powders were mixed with dielectric materials and used

as a filler in the annular space of a coaxial line. Adjustments in time

delay were achieved by varying a magnetic field which changed the effective
permeability of the ferrite materials. The change in the permeability resulted
in a change in the electrical length (i.e., propagation time) of the trans-
mission line sections. The delay lines were characterized as to the amount

of time delay exhibited and insertion loss as functions of the applied magnetic
field and the input frequency.

1.3 CONCLUSIONS ‘

The survey revealed that numerous research efforts to develop time delay
techniques have been undertaken and many techniques for achieving variable
time delays exist. However, most of these investigations on variable devices
have emphasized the microwave frequency bards. There has been considerable
research done on UHF phase shifters and on UHF fixed-delay techniques. Many
of the techniques appear to be extendible to variable time delays.

Based on the experimental results, the helical delay line appears to
be a viable technique for the HF band. The ferrimagnetic loaded delay line
unfortunately either did not offer sufficient range of adjustment of time
delay or was very lossy, particularly in the UHF band. It is recommended
that the helical delay be investigated further to see if different construc-
tion and materials can indeed achieve the performance goals needed for use
in HF interference cancellation systems. For the VHF and UHF bands, appro-
priate transmission-line configurations and techniques remain to be identified.




2.0 DESIGN REQUIREMENTS

Interference cancellation techniques offer a method of improving ground

station or aircraft communications in the presence of electromagnetic inter-

ference. Existing interference cancellation systems are capable of protecting

overlapping and adjacent channels in collocated transmitters and receivers
over the HF, VHF, and UHF bands. Because of its importance as a method of
controlling interference, the interference cancellation system has undergone
many improvements and refinements over the last few years. It has been con-
cluded as a further refinement, that adaptive time delay needs to be added
to the interference cancellation system control circuitry. The operation

of interference cancellation systems is reviewed and the requirements and

design goals for inclusion of adaptive time delay circuitry are presented.

2.1 INTERFERENCE CANCELLATION SYSTEMS

Numerous study and investigative reports [1] - [5] on the theory of
operation and design of interference cancellation systems are available in
the literature. The basic principles of an interference cancellation system
may be explained through the use of Figure 1. The interference cancellation
system shown is a collocated system where both the transmitter and receiver
systems are located in close proximity, such as found on board an aircraft.
Fu;l-duplex communications, where it is necessary to simultaneously transmit
and receive information, is a necessity for aircraft communication systems.
Transmissions from the transmitting antenna are of intense levels which rad-
iate any nearby receiving antenna. Reception of the transmitted energy will
degrade and, in some situations, damage the receiving system. The function
of an interference cancellation system is to protect the receiving system
against such degradation or damage:

Again referring to Figure 1, the interference cancellation system opera-
tion may be viewed as a balanced bridge. One branch of the bridge is the
radiated path from the transmitter antenna to the receiver antenna. The
other branch is the conducted path through the directional coupler and the

"controller to the summer in the receiver path. The transmitted signal is

altered in two ways: the amplitude decreases because of propagation loss
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and is delayed in time because of the physical separation between the trans-
mitter and receiver antennas. Thus the transmitted signal at the receiver
antenna is identical to the signal at the transmitter except for a decrease
in amplitude and a delay in time. If the conducted path is constructed and
controlled so that it has the same time delay and amplitude characteristics
as the antenna-to-antenna path, then a cancellation signal is synthesized.
Interfering signals from the transmitter traveling through the radiated and
conducted paths are identical except for opposite polarities. The signals
from both paths are combined in the summer where cancellation occurs, thus
preventing the interfering signal from entering the receiver input. Notice
that the desired signals will not be cancelled since their propagation paths
are different from the radiated path and no desired signals are present in
the conducted path.

The conducted path signal is synthesized by first coupling power from
the transmitter line through a directional coupler. The coupled power drives
a controller which is a network that generates the necessary amplitude and
time delay functions. 1In the controller, the conducted signal is divided
into two channels that drive quadrature control mechanisms. .One channel
controls a sine function signal and the other channel controls a cosine func-
tion signal. The sine and cosine components are independently amplitude
adjusted and summed to control the amplitude and time delay of the conducted
signal. By properly adjusting the sine and cosine functions, a complete
360 degree control function is'generated. If the amplitude of two signals
is controlled to one-tenth percent with the same time delay, the interference
cancellation system is capable of 60 dB cancellation in the receiver input
path.

Since the exact parameters of the radiated path are unknown and they
vary with time, a closed-loop circuit is added to the conducted path. This
circuit is shown in Figure 1 as a correlator. The correlator samples the
transmitter power and also samples the undesired power in the receiver path.
The correlator uses these two inputs to generate an error signal. The error
signal aids the controller in synthesizing the correct signal for cancellation.

Notice that when the transmitter or receiver antennas move with respect
to each other, the radiated path parameters (amplitude and time delay) change.
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Such movement causes an unbalance in the bridge and, as a result, interfer-
ence levels increase in the receiver causing communication degradation.

For small variations in the radiated or conducted paths, the closed-loop
circuit is capable of making the proper adjustments in the amplitude and

time delay parameters. However, as presently designed, the interference
cancellation system is not capable of making the proper adjustments for large
path variations. On large aircraft, such as flying command centers or bombers,
one antenna may be mounted on the fuselage and the other on a wing tip.
During maneuvering or take-off, the wing tip may move as much as ten feet
with respect to the fuselage antenna. A ten-foot increase in the radiated
path corresponds to approximately 10 nanoseconds additional time delay.

The present controllers are not capable of adjusting for such large time
delays. Thus, it is desirable to add an adaptive time delay to the conducted
path to further refine the interference cancellation system. Adaptive time
delay circuits would automatically make large adjustments during the time
when the antenna movement unbalances the interference cancellation system.

2.2 ADAPTIVE TIME DELAY CIRCUITRY

Before establishing the design goals for an adaptive time delay circuit,
the desired characteristics for an interference cancellation system will
be reviewed. The adaptive time delay circuitry of course must be designed
80 as not to adversely affect the operation of the interference cancellation
system.

The interference cancellation system must be linear and nondispersive.
In other words the input signal may be changed in amplitude and delayed in
time, but its spectral distribution must not be distorted. Components placed
in the transmitter or receiver lines must have low insertion loss so as not
to unduly degrade their operation. The signal to noise degradation in the
receiver line must be negligible even for weak signals. Furthermore, the
receiver performanée should not be degraded when the interference cancella-
tion system is inoperative. The interference cancellation system should
require only a minimum number of initial setup adjustments. The system should
operate over an octave or larger band and, if tuning is necessary, it should
be automatic. Interference cancellation should be at least 60 dB or more,
or to the receiver noise level.




Some of the mechanical aspects desired in an interference cancellation

system are that no moving parts be required and that it be capable of with-
standing the shock and vibration typically found in an airecraft. The in-
stallation of the interference cancellation system should require no trans-
mitter or receiver modifications. Minimum maintenance should be required

to keep the system operative.

e

Adaptive time delay units are needed in the HF, VHF, and UHF frequency
bands. (Initially in this program, emphasis was to be placed on the develop-
ment of units for the HF and UHF bands.) The time delay circuitry should
be capable of handling one watt with higher power capability being desirable.
A slow rate of change of the time delay is acceptable and may be on the order
of 15-20 cycles per second. The adaptive time delay unit should have a range
of 10 nanoseconds and a resolution of 0.01 nanoseconds. In Table I, this
desired time delay is converted to the equivalent phase shift degrees for
the HF and UHF bands.

Other desirable characteristics for the adaptive time delay units are
low insertion loss and low insertion time delay. Insertion losses can be
compensated for through amplification, but if the insertion losses become
on the order of 40-50 dB, the amplification must be accomplished using tuned
amplifiers which require tuning mechanisms. Low insertion time delay is
desired since the interference cancellation system is easier to initially
balance. In other words, if the conducted path has a time delay greater
than the radiated path, additional time delay must be inserted in the receive

antenna path to balance the interference céncellation system.




TABLE 1

ADAPTIVE TIME DELAY CHARACTERISTICS

_ Time Phase
Frequency Period Delay Shift Resolution
(MHz) (nanosec) (nanosec) (deg) (deg)
2 500.0 10 7.2 .0072
10 100.0 10 36.0 .036
15 . 66. 66 10 54.1 .054
30 33.33 10 108.1 .108
225 4.4 10 810.8 .81
300 3.33 10 1081.1 1.08
350 2.86 10 1258.7 1.26
400 2,50 10 1440.0 1.44
,%
1
|
]
8

R A o R 793 S 2 e




NGEY PT—_Y

3.0 TIME DELAY TECHNIQUES

A comprehensive survey was made of available reports, published papers,
and journal articles on time delay devices and phase shifters. Phase shifters
were surveyed since many of the phase shifter techniques are adaptable to
time delay. In order to establish the present state-of-the-art, manufacturer's
catalogs, engineering data sheets, and bulletins were also reviewed. Some
of the more important classes of time delay and phase shifter ﬁechniques
are reviewed in this section.

3.1 CHARACTERISTICS OF DELAY LINES

Delay lines (6] are a specialized and an important type of transmission
line in which the line parameters are adjusted to decrease the velocity of
signal transmission. The transmission line may be coaxial, waveguide, strip-
line, or parallel wire for electromagnetic waves. In other delay lines,
the electromagnetic wave is converted to an acoustic wave and acoustic propa-
gation occurs through a crystal material. Other lines convert an electromag-
netic wave to magnetic waves which propagate in a ferrimagnetie material.

In general, delay lines may be of two types: nonacoustic and acoustic.
Nonacoustic delay lines are further classified as either lumped-constant
or distributed-constént. A lumped-constant delay line is one in which dis-
crete inductors and capacitors are used. Lumped-constant types are used
mainly to delay video signals. In the distributed-constant line, the induc-
tance and capacitance are distributed along the line. The distributed-constant
line is used for delay at RF or microwave frequencies.

An ideal delay line exhibits a linear phase shift from the input to
the output that is proportional to frequency. The attenuation through the
line is constant at all frequencies of interest [7]. Ideally the input signal
would be transmitted through the delay line without any distortion (variation)
in phase or amplitude with frequency. In the ideal delay line, all frequencies
are delayed by the same amount td.

Omega-k diagrams as shown in Figure 2 illustrate the parameter rela-
tionships of concern in delay lines: ® is the radian frequency; k is the i
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Figure 2 . -~k Diagram for Delay Line.

wave vector or phase constant of the propagating wave and gives the change
in phase per unit length. The phase velocity, Vp, of the delay line is:

meters/second. (1)

©
o 1

The time delay (td) per unit length is expressed as:

second. (2)

El=

-l"—-
v
p

tq




The total transit time is:

to = tdZ seconds. 3)

where & is the length of the line in meters.

In Figure 2, an ideal delay line would exhibit a linear @ vs k rela-
tionship. If w vs k is not linear, the delay line distorts (i.e., disperses)
the input signal. The slope of the function f (w, k) is the group delay,
which is an equivalent way of measuring deviations from linear phase. Thus,
group velocity is equal to:
ow

k

Vg = 2% meters/second. 4)

The corresponding group delay time per unit length is:

1
t = econds. (5)
& |Vgl s

In a nondispersive delay line, the group velocity is equal to a constant.
Thus the deviation from constant group delay corresponds to deviation from
linear phase; it is these variations that indicaté distortion. Where the
group velocity is not equal to a constant, the delay line is defined as being
dispersive. If the group velocity is equal to a constant over the frequency
band of interest, the line is characterized as being nondispersive.

Further insight into group velocity can be gained by expressing the
group velocity as a function of the phase-velocity [8]:

v -——L——. (6)

n




Ir de/dw = 0 (nondispersive), then Equation 6 becomes:

vg = vp. @))

If dvp/dm is constant in the frequency band of interest, then group velocity
expresses approximately the velocity of a signal's composite envelope and
may be used as a "signal" velocity. However, if dvp/dw varies rapidly (large
dispersions) it may be impossible to give any single velocity describing
the propagat;on of a wave since the signal composite changes shape as it
travels through the transmission line.

As previously discussed, an ideal (nondispersive) delay line delays
all frequencies by the same amount td. Thus, an input frequency component,
cos wt, appears a§ the output of the delay line as cos w(t + td), since it
appears td seconds later (9]. But this component can also be written as
cos (wt +¢), where the phase shift ¢ is equal to mtd. Thus a phase shift
proportional to frequency is equivalent to a pure delay, with the proportion-
ality constant equal to the delay. The difference between a delay line and
phase shifter is more in the details of design rather than in their character-
istics. Phase shifters are usually designed to produce a total phase shift
of 360 degrees or less, while the equivalent phase shift through a delay
line may be on the order of thousands of degrees.

3.2 VARIABLE TIME DELAY TECHNIQUES

The review of the technical literature revealed that numerous studies
and investigations of variable time delay techniques have been undertaken.
Most of these studies and investigations have been for microwave frequen-
cies (1 GHz up) and for delay times greater than one microsecond. It is
possible that some of the microwave variable delay techniques can be adapted
for use in the VHF and UHF frequency bands. The survey of the microwave
techniques was conducted with this objective in mind. Consideralble research
has been undertaken on UHF phase shifters and UHF fixed-delay techniques.
Again some of these techniques may be adaptable to the design goals of this
study. Also, several investigations have been completed on HF and VHF dis-
tributed~constant delay lines and these techniques are also reviewed.

12
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Kirchner [10] published ten years ago a.very good survey of microwave
variable delay devices. Kirchner's classification of delay line devices
is used in this survey and many of the devices he reviewed are briefly surveyed
again. This survey updates Kirchner's and includes phase shifter technology
for the HF, VHF and UHF bands. Kirchner classified variable delay lines
as two types: nonacoustic and acoustic. Nonacoustic delay lines use either
electromagnetic wave or magnetic wave propagation. Acoustic delay lines
convert electromagnetic waves to acoustic or vibrational waves which propagate
in crystal materials. In some cases, admixture propagation occurs that has
properties of both magnetic and acoustic waves (magnetoelastic waves) which
can not be classified as either purely nonacoustic or acoustiec.

3.2.1 Review of Nonacoustic Variable Delay Techniques

Nonacoustic variable delay techniques employ two basic methods: (1)
vary the electrical length of a transmission line by changing the phase veloc-
ity, or (2) vary the physical length of a transmission line. Time delay
by either of these methods can be controlled either electrically or mechani-
cally.

3.2.1.1 Electrically Controllable Variable Delay with Electrical Length
Change
Electrically controllable variable delay with electrical length
change may be realized with several devices such as:

(1) Helical delay line,

(2) Ferrimagnetic loaded line,

(3) Ferroelectric loaded line,

(4) Magnetic wave line,

(5) Diode loaded transmission line,
(6) Electron beam transmission.

(1) Helical Delay Line: An indepth study has been done for a low-
impedance (50 ohm) helical delay line [11]. The study was done for a fixed
delay line, but the technique is adaptable to a variable delay line. The
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basic configuration of the line is shown in Figure 3. The line is a coaxial
device with a helical center conductor wound on a ferrimagnetic core embedded
in a high-permittivity dielectriec. This configuration increases both the
inductance (L) and capacitance (C) per unit length as compared to typical
coaxial lines. The delay, which is proportional to /EE, is thus increased.
The impedance of the line is equal to vL7C and low-impedance is achieved
by using the high-permittivity dielectric to increase the capacitance. Imped-
ance matching [12] is obtainable by tapering the helix spacing at the ends
of the ferrite rod. |
A variable delay line can be configured by wrapping a wire solenoid
around the coaxial line section. By varying the current in the solenoid,
a varying magnetic field is set up in the ferrite rod. The permeability
of the ferrite rod changes as the magnetic field varies. It appears the
‘helical delay line can be designed for the HF, VHF, and UHF bands assuming
that appropriate low-loss dielectric and ferromagnetic materials are available.
Katz [13], [14] investigated a variable helical delay line for the fre-
quency range of 10-30 MHz. These were high-impedance lines designed for
phase modulation rather than for variable delay. Nifant'yeva [15] constructed

Magnetic Field

UL
\\\\\\5\\\\\\\\\\\\\\\\\

High Permittivity Helix on
Dielectric Ferrite Rod

Figure 3. Cross Sectional View of Helical Delay Line.
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a UHF phase shifter using a helical line and reported obtaining 360-degree
phase shifts by varying the applied magnetic field. The phase shifter had
low loss, but required up to 1500 oersteds of magnetic field intensity to
vary the phase. Seckelmann [16] and Ivanov {17] investigated the coaxial
"inverted" helix for latching ferrite phase shifters. The ferrite surrounds
the helix in the "inverted" helix, while for the "normal™ one the helix sur-
rounds the ferrite. The latching phase shifter is alterable (but not variable)
in phase in that it can be switched to the remanance magnetization. Sakiotis
{18] investigated the use of slow-wave transmission lines (helical or meander
lines) in the design of UHF phase shifters. He also discusses the different
regions of operation for a ferrite material used within a phase shifter.

Jones [19] studied the meander transmission line in a stripline configuration.
His work was for a latching phase shifter for use at 5 GHz, but the meander
line characteristics are useable at lower frequencies.

(2) Ferrimagnetic Loaded Line: This type of line utilizes ferrimag-
netic material within the transmission line. In a coaxial line, the annular
space is filled with a ferrite material; in stripline, the space between
conductors is filled with a ferrite material. Evidently this technique has
not been applied directly to variable delay lines, but propagation [19] ~ [25]
in a coaxial or-stripline has been researched, and the ferrimagnetic loaded
line has been used in phase shifters. Fitzgerald [26] investigated phase
shifters for the UHF band (200-400 MHz) using stripline. The ferromagnetic
material was biased above resonance and operated below saturation. Phase
shifting was accomplished by a change in the effective permeability due to
domain-wall rotation. He reported obtaining 360-degrees phase shift with
applied magnetic fields on the order of 100 oersteds. Johnson [27] - {29]
also investigated the UHF phase shifter. The phase shifter was operated on
the high-field side of ferromaghetie resonance and required an applied mag-
netic field variation of 900 oersteds for 360-degrees ehange in phase shift.
Johnson found that by operating the phase shifter on the high side of reso-
nance low losses were obtainable and high-power operation was possible up
to at least 10 kilowatts peak. Boxer [30], [31] studied the characteristic
of L-band high-power coaxial ferrite phase shifters. He also operated his
phase shifter above resonance and reported good stability at high power levels




with low loss. Boxer pointed out that to obtain the high power stability,
the control power and weight must be increased. He also found that the inser-~

tion loss changes with the input RF power level if the biasing magnetic field
is not sufficiently large (i.e., the device becomes nonlinear).

(3) Ferroelectric Loaded Line: The dielectric constant of ferroelec-
tric materials depends on the electric field applied to the material. The

ferroelectric loaded line has been studied as a phase shifter and a delay
line. Cohn [32] analyzed and constructed a UHF ferroelectric stripline
phase shifter for operation over the 100 to 1000 MHz frequency'rangé.

He found that 4 kilovolts of applied voltage were needed to obtain 348
degrees of phase shift. Since the electrical current required to maintain
or rapidly shift phase is low, the overall control power requirements are
at least one order of magnitude less than those for comparable ferrite
phase shifters (as compared to phase shifters available at the time of
Cohn's research). Ferroelectric materials investigated by Cohn include
barium titanate and mixtures of lead titanate and strontium titanate.
Bar-Chaim [33] built and investigated a distributed-constant delay line
using ferroelectric ceramics. Variations of the delay time were obtained
by applying an external electric field to change the dielectric constant
of the ferroelectric material. He reported delays of about 200 nanoseconds
(insertion phase) and delay variations of 10 percent. The delay line was
capable of operating up to bandwidths of 2 MHz and possibly up to 15 MHz
with refinements.

A technique similar to the use of ferroelectric ceramics controlled by
electric fields is the use of liquid artificial dielectrics using suspended
metallic particles. The physical interaction that causes the suspended par-
ticles to exhibit controllable permittivity is similar to the one that occurs
between light and the molecules of pure liquids in the Kerr electro-optic
effect. Basically, the liquid-solid suspensions are gross models of Kerr
liquids scaled from the optical to microwave frequencies. Mikuteit [34] and
Bottenberg [35] have both investigated such liquid phase shifters for the
Ku-band.

(4) Magnetic Wave Line: In ferrimagnetic materials, both magnetic

waves or spin waves can propagate. Magnetic waves (36], [37] are generated
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when electromagnetic energy perturbs the magnetic moments within a ferri-
magnetic material. Since each magnetic moment is coupled by magnetic forces,
adjacent moments will also be perturbed. Thus, magnetic or spin waves

are created. There are two main types of magnetic forces that are opera-

tive in ferromagnetic material. The relatively long range dipolar forces
determine the behavior of magnetic waves at low values of k (i.e., long
wavelengths). At higher k's (short wavelengths), the short range exchange
forces determine the behavior. The low=k spin waves are often referred

to a magnetostatic modes while the high-k waves are called exchange-dominated
spin waves. The velocity of propagation of the magnetic waves is controllable
by an externally-applied variable magnetic field.

Delay lines using the magnetic wave principle can be built using yttrium
iron garnet (YIG) or yttrium aluminum garnet (YAG) material. Figure 4 shows
a cross-sectional view of a YIG-YAG-YIG delay line designed for L-band [38]
Referring to Figure 4, the electromagnetic wave couples through a cable
via the RF input connector. A fine wire coupler guides the electromagnetic
wave to the end of a YIG-YAG-YIG rod, where a portion of the electromagnetic
wave is converted to magnetic waves within the rod. The magnetic waves
propagate through the rod to the other end where another conversion takes
place--from magneti.: waves to electromagnetic waves. The permanent magnet
biases the YIG-YAG-Y13J rod and variable delay is achieved by controlling
the current through the electromagnet. For this delay line, variable delay
times up to 2 microseconds were obtained. The insertion loss of the line
was on the order of 60 dB which includes conversion and transmission losses.
The conversion efficiency of this type of line has been studied extensively
[39]. A similar type of L-band delay line has been studied by Olson [140]
Eggers [41] investigated a UHF fixed delay line that operated at 735 MHz
and had an insertion loss of about 37 dB for input power levels less than
-10 dBm.

(5) Diode Loaded Transmission Line: Diode loaded transmission lines

have been used to provide phase shift or to obtain small amounts of delay.
Two classes of diode controlled phase shifters exist: the digital or switched-
line phase shifter controlled by a PIN diode, and the analog (continuous)

phase shifter controlled by a varactor diode. A digital phase shifter makes
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Figure 4 . Cross Sectional View of YIG-YAG-YIG Delay Line.

a predetermined amount of phase shift available by switching one or more

of an array of two-position switches. Analog phase shifters may be made

by using varactors whose capacitance may be changed continuously by varying
the bias. Early diode loaded phase shifters had maximum bandwidths of 10
percent. Garver ([42] compared the various types of diode loaded phase shifters
and showed that indeed most can operate over an octave bandwidth. Jaffee
[43] designed a low-phase velocity, dispersionless, and highly variable delay
line for the VHF band with potential for use in the UHF band. He reported
phase velocity variations as high as 8:1 from approximately ¢/50 to ¢/6,
where ¢ is the velocity of light in vacuum. The structure used was a four-
layer microstrip line with: (1) a top conductor, (2) a silicon layer, (3)
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an insulator, and (4) a ground plane. Silicon dioxide was used as the insula-
tor. The line was fabricated using planar integrated circuit techniques.
Small diodes were placed along the line and reverse biased. By varying the
bias voltage, the depletion layer in the silicon can be changed causing a
change in the microstrip line capacitance and the delay time, Jaffe's meas-
urements showed that the line's relative phase change with frequency was
linear, showing the nondispersive character of the line.

(6) Electron Beam Transmission Line: By controlling the drift velocity

of an electron beam, it is possible to obtain variable delay. The operation
of the delay-line tube has many features in common with a traveling wave
tube. The signal is coupled to an electron beam by means of a short section
of helix and coupled out in a similar manner. Between the two helices, a long
drift tube, electricaliy isolated from other parts of the tube, is inserted.
The time delay of the signal is controlled by varying the potential on the
drift tube. Harris [44] developed an electron beam line designed to give

a variable delay of 500 nanoseconds over the frequency range of 1.1 to

2.3 GHz. Kluver [45] investigated the variable delay mechanism for an
electon beam in a crossed field device. He achieved an effective low elec-
tron beam velocity in the drift region by using the property of an electron
drift in crossed DC electric and magnetic fields. This device had an inser-
tion loss of only 3 dB, but the bandwidth was only 7 MHz. Chorney [46]
studied the ion beam delay line which is capable of developing longer delay
times than the electron beam delay line.

3.2.1.2 Electrically Controllable Variable Delay with Physical Length
Change
The primary method of electrically controlling variable delay with
physical length change is through the use of digital delay lines. The recir-
culating memory is another method of obtaining such delays.
The digital delay line was discussed previously (Section 3.2.1.1) in
connection with the diode loaded transmission line. Transmission lines which

can be used to provide delay in the digital line include coaxial cable, strip-
line, special delay line cable, or acoustical devices. Coaxial line provides
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lowest dispersion. The loss of high quality coaxial can be held to approxi-

mately 1.25 dB per 100 nanosecond delay at 1.0 GHz. For long delays, cable
lengths have to be long to achieve the necessary delay. For 100 nanosecond
delay, approximately 80 to 90 feet of coaxial cable is required.

The power handling capability of switching diodes used in digital lines
can be traded off against speed. By utilizing power diodes, switches capable

of handling one watt may be built. However, diode switches do have impedance !
matching problems associated with the series diode reactance and resistance. }
The matching circuits are necessary to avoid amplitude and phase distortion
in complex signals.

3.2.1.3 Mechanically Controllable Variable Delay with Physical Length
Change

The adjustable air line, or trombone line stretcher, is the most
common type of variable delay line that mechanically varies the physical
length. (There are techniques that incorporate acoustic waves and these
will be discussed in a later section.)

3.2.1.4 Mechanically Controllable Variable Delay with Electrical Length
Change
The electrical length of a transmission line sueﬁ as a coaxial cable
or waveguide can be varied mechanically by moving a dielectric strip from a
region of weak electric field to a region of strong electric field. Bleackley
[47) constructed a rotary helical coaxial phase shifter based on this principle.
The mechanism employs a loosely wound helix with control of phase shift accom-
plished by both the translation and the rotation of a dielectric worm having
the same pitch as the helix. The depth of insertion of the worm into the
helix controls the amount of phase change per revolution. The technique
is attractive from a mechanical point of view since the phase shift is con-
trollable via rotation and requires no moving electrical contacts.

3.2.2 Review of Acoustic Variable Delay Techniques

In this section, delay line techniques that convert electromagnetic
energy to acoustic energy are discussed. Acoustic energy in the form of

20




plane waves propagates through an acoustic delay medium at a velocity four
to five orders of magnitude slower than electromagnetic waves (106 cm/sec

0 cm/sec). At the end of the acoustic medium, the acous-

compared with 3 x 10
tic energy is reconverted to electromagnetic energy. Acoustic delay techniques
thus offer long delay times in physically short line lengths. Acoustic vari-

able delay lines may be controlled either electrically or mechanically.

3.2.2.1 Electrically Controllable Acoustic Delay Lines

Electrically controllable acoustic delay can be obtained using:
(1) surface acoustic wave (SAW) devices, (2) magnetoelastic wave devices,
(3) acoustic delay lines with signal processing, and (4) ferroelectric mater-
ials.
(1) Surface Acoustic Wave (SAW) Devices: The operation and design
of SAW devices have been tutorially discussed by White (48] and Holland [49]
A conventional surface wave acoustic delay line consists of two interdigital

transducers (fingers) deposited on a piezoelectric substrate, as shown in
Figure 5. The operation of the device can be understood physically by consid-
ering that an AC voltage applied to the input transducer causes the substrate
between the fingers to distort due to the piezoelectric effect. This periodic
strain leads to an acoustic wave propagating away from the input transducer

in both directions with a frequency equal to that of the applied signal.

In one direction, the acoustic wave is absorbed in a lossy medium. 1In the
other direction, the wave propégates to the output transducer and is detected

Metallic Piezoelectric
Deposit Substrate

/

Input -A Surface Wave \ Output
Port {\ , ‘ ’ l - Port

Figure 5. Conventional surface wave
delay line configuration.
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by the inverse piezoelectric effect. SAW devices usually are operated at
frequencies between 1 MHz and 1 GHz. The devices can have high fractional
bandwidths (theoretically approaching an octave). They are usually constructed
using the same photolithographic processing techniques that are used for
metallization of integrated circuits. SAW's are inherently nondispersive
devices.

Electrically controlled variable delay is somewhat more difficult to
be obtained in SAW devices than in other delay line techniques. However,
Hopp [50] invented a variable SAW delay line. His line consists of a fixed
interdigital trandsucer formed by metal deposited on a piezoelectric, photocon-
ductive surface. The receiving transducer is formed by illuminati 3 the
photoconductive surface through a mask to create the image of a transducer
where the signal is to be received. By making the optics movable, a variable
path length and, hence, a variable delay time can be achieved. According

to Hopp, a variable SAW operating at 1.0 GHz appears to be feasible. Manes

(51] also demonstrated a continuously variable delay using a SAW tapped delay

line and a digital shift register. By properly timing the shift register {

clock waveform, the delay time can be controlled. The technique can be viewed 1

as using an electronically programmable delay line whose output is obtained

by spatial sampling at the tap points on the delay line. 4
(2) Magnetoelastic Wave Devices: A single-crystal yttrium iron garnet

(YIG) can support a number of modes as shown by the dispersion curves in
Figure 6 [52]. The magnetostatic and spin wave modes have been discussed
in relation to the magnetic wave delay line. The elastic or acoustic wave

e T

was discussed in relation to the SAW devices. In the crossover region between
the spin wave and the elastic wave curves, these waves form magnetoelastic i
waves that take on some of the properties of both magnetic and elastic waves.
The distinguishing feature of the magnetoelastic wave is that their velocities
of propagation can be varied and controlled by an external magnetic field.
Unfortunately, magnetoelastic waves are dispersive as can be seen from the
slope of the curves in Figure 6.
By properly shaping the internal magnetic field profile of a YIG rod
through the use of magnetic sleeves around the rod and by varying the applied
magnetic field, essentially nondispersive variable delay can be obtained
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Figure 6 . Dispersion Curves for an
Axially Magnetized Rod.

with magnetoelastic waves. Using this technique, Van De Vaart [53] demon-
strated dispersionless delay over a 10 percent bandwidth in low L-band with
an insertion delay of slightly over 2 microseconds and a delay variation
of up to 60 nanoseconds. Insertion loss was greater than 80 dB. Auld [54]
has reported on the synthesis procedures to obtain nonuniform magnetic fields
needed for nondispersive propagation in a magnetoelastic device. Moore [55]
designed a YIG magnetoelastic delay line for L-band which had a bandwidth
of U400 MHz and variable delay to 2 microseconds.

(3) Signal-Processing Techniques: Podell [56] reported on a scheme

for producing continuously variable time delay using two dispersive delay
lines with spectral inversion to achieve dispersionless variable delay.
The technique is reported in this section since the dispersive delay lines
may be SAW devices [57], [58].

A block diagram of Podell's techniques is shown in Figure 7. Note that
two local oscillator signals f1 and f2, are mixed and the products are fed
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to a diplexer. One local oscillator frequency is fixed at the midband fre-
quency, r1, of the signal band of interest and serves to translate the signal
band to the operating band of the dispersive delay lines. The frequency
of the other local ocillator, fz, controls the amount of delay through the
system and must lie within the operating band of the dispersive delay lines.
From the diplexer, the lower sideband, f1 - f_, is sent to the mixers preceding
and following the first dispersive delay line, and the upper sideband, t1
+ f2, is sent to the mixers preceding and following the second dispersive
delay line. The difference between the signal frequency, f1‘: Af, and the
lower sideband produces an IF frequency, fz-i Af, in the first dispersive
delay line. At the mixer following the first delay line, the sum of the
lower sideband and the IF frequency recreates the signal frequency, f1'1 Af.
At the mixer preceding the second delay line, the difference between the
upper sideband and the signal frequency again produces an IF frequency that
lies within the passband of the dispersive delay line. However, this time
the signal spectrum is inverted. The final mixing process at the output
of the second delay line produces the difference between the upper sideband
and the IF frequency, which again is the signal frequency with its spectrum
re-inverted. Podell applied the technique at low L-band and obtained a total
variation of time delay of about 45 nanoseconds.

(4) Ferroelectric Materials: Use of ferroelectric materials was dis-
cussed in Section 3.2.1 to electrically control the electrical length of
a transmission line. Here acoustic propagation in ferroelectric materials
is discussed. Investigations of the electromechanical properties of ferro-
electric perovskite-type crystals show that the velocity of acoustic waves
in these crystals can be varied by changing the strength of an applied elec-
tric field. Fedotov [59] has shown that in polarized barium titanate ceramic
the velocity of the longitudinal acoustic wave increases with the increasing
electric field intensity. He found that one limitation of using barium titan-
ate was that a considerable time lag exists between application of an electric
field and the corresponding variation of the velocity. Apparently, it is
possible to achieve small delays of up to 10 percent of the insertion phase
by using acoustic waves in ferroelectric materials at frequencies below 100




3.2.2.2 Mechanically Controllable Acoustic Delay Lines

Acoustic delay lines can be controlled mechanically as well as elec-
trically. For example, Banks [60] developed a continuously variable SAW
delay line that had a translatable interdigital transducer of aluminum photo-
etched - glass substrate. The substrate is moved on the SAW surface to
increase decrease the delay time. Translation is accomplished using a
micrometer drive. The delay was variable from 1.5 to 5 microseconds with
an overall insertion loss of about 17 dB as measured at 109 MHz.

Magnetoelastic mechanically variable delay mechanisms have been‘inves-
tigated by Kirchner [61]. In Kirchner's device, energy is coupled into a
YIG rod via a piezoelectric thin-film transducer that produces a shear acoustic
wave propagating along the rod axis. The shear acoustic wave propagating
along the rod axis is coupled to magnetic modes of the YIG rod by means of
thé magnetoelastic interaction. Conversion from acoustic energy to magnetic
energy takes place within the rod at the point of an applied DC magnetic
field. An output loop couples the energy excited magnetic modes to the output.
The delay time is the sum of the finite propagation times of the acoustic,
magnetoelastic, and magnetic waves. Essentially, nondispersive delay results
by minimizing the duration of the signal in the magnétoelastic and magnetic
modes. Broadband nondispersive delay is achieved by using a step magnetic
field profile which confines magnetoelastic conversion near one physical
location for a wide range of frequencies. Variable delay is provided by
moving the position of the step magnetic field with respect to the input
transducer, thus changing the delay contribution of the nondispersive acoustic
wave but leaving the contributions of the magnetoelastic and magnetic waves
constant. The net result is a mechanically variable tap on a nondispersive
delay line. '

Brienza [62] used acousto-optical coupling to achieve a mechanically
controllable delay line. Variable delay was obtained by converting an input
RF signal into an acoustic wave at one end of a crystal and then removing
this signal via elasto-optical coupling at some variable distance from the
input transducer. The acousto-optical interaction used to output couple
is based on the principle of Bragg diffraction. The output light beam is
frequency shifted by the frequency of the input RF signal. Optically hetero-
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dyning the output light beam with a portion of the incident light beam provides

a means of recovering tne delay signal. Variable delay is obtained by mechan-

ically moving the crystal material with respect to a laser beam.

Variable delay can also be achieved by mechanically sliding one acoustic

crystal relative to the other to change the acoustic path. Dubrov {63] has

consttucted a delay line based on this principle.

3.3 EVALUATION OF TECHNIQUES

The evaluation of electrically controllable nonacoustic variable delay

line techniques follows:

(M

(2)

(3)

%)

(5)

(6)

(7)

Helical Delay Line: The feature of the helical delay that is at-
tractive is that low-impedance (50 ohm) can be obtained and imped-
ance matching is possible by appropriate helix design. The line
is capable of wide bandwidths and good power-handling capability.

Ferrimagnetic Loaded Line: High losses appear to be the main dis-
advantage of this line. Its use as a delay line has not been thor-
oughly investigated.

Ferroelectric Loaded Line: This line has possibilities but more
information as to its losses and its obtainable time delay is needed.

Magnetic Wave Line: Efficient coupling methods are needed to mini~
mized conversion losses for this line. Multiple reflections along
the YIG rod may occur which would be disruptive to the operation
of an interference cancellation system.

Diode-Loaded Transmission Line: Limited time delay variation is

the disadvantage of this line. However, the technique of using
diodes distributed along a silicon substrate has possibilities

but it may be limited in power handling capability. Diodes have
nonlinear response regions which may be a source of spuriocus respon-
ses.

Electron Beam Transmission: This technique is capable of producing
the desired time delay variation, but it may have rapid changes

in the insertion loss. This technique is also fairly complex and
may not withstand shock and vibration successfully.

Digital Line: This line is not capable of providing the desired
time delay resolution for the HF range. However for the UHF range,
it may be possible to use two delay lines in series. The first
line would be digitally controlled so as to switch in different
transmission~-line sections. The second line would be an analog
type controlled through a digital-to-analog converter. Both delay
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lines could then be controlled digitally. Such a line may be more
complex than required, but it would have low loss and be nondisper-
sive.

The disadvantages of using acoustic-type delay lines to achieve the

design goals are: (1) high insertion phase, (2) high insertion or conver-
sion losses, and (3) inability to achieve the desired time delay resolution.
Again only the electrically controlled lines are evaluated here. The evalu-

ation is as follows:

(1)

(2)

(3)

(4)

Surface Acoustic Wave: The SAW devices evidently cannot be easily
varied in time delay and the desired time delay resolution would
be difficult to achieve. ‘

Magnetoelastic Wave Devices: Nondispersive operation requires
a shaped magnetic field which is an added complexity. Insertion
loss is high.

Signal-Processing Technique: This is an attractive technique from
the control point-of-view since time delay variability is accom-

plished by changing an oscillator frequency. However, the technique
uses several mixers which may be susceptible to spurious responses.

Ferroelectric materials: The technique may have application for
the HF band, but needs additional research.




4,0 EXPERIMENTAL RESULTS

Of the various delay techniques discussed in the literature, three were
chosen for laboratory evaluations. The three selected were: (1) the ferrite
loaded dielectric delay line; (2) the helical delay line; and (3) the ferro-
fluid dielectric delay line. The selections were motivated primarily by
the availability of materials, by the ease of construction, and by the promise
of good electrical characteristics. Previous studies under Air Force sponsor-
ship [64] showed ferrite loaded dielectrics could be used to achieve magneti-
cally tunable resonators. It was therefore surmised that such dielectrics
could also be used to produce magnetically (i.e., electrically) variable
time delays. This past experience with ferrite loaded dielectries helped
motivate the selection of the ferrite loaded dielectric delay line. A factor
that contributed to the selection of the helical delay line was its ease
of construction and simplicity.” Also the literature survey revealed that
- the helical line had been investigated for fixed delays and these previous
studies provide a basis for investigations of variable helical delay lines.
The selection of the ferrofluid delay line was influenced by the availability
of materials. Also for the ferrofluid, being a fluid with susbended ferrite
particles, it was reasoned that ferrofluid's permeability could be easily
changed with low magnetic fields and thus minimize the required drive power.

4,1 DESIGN MODELS

The three design models chosen were the helical delay line, a ferrite
loaded dielectric delay line, and a ferrofluid dielectric delay line. The
latter two delay lines fall within the category of ferrimagnetic loaded lines
discussed in Section 3.0.

The magnetic properties of the ferrite rods and powders used in the
construction of the delay lines are summarized in Table II. All of the fer-
rites are off-the-shelf materials obtained from Indiana General, Keasby,

New Jersey. The ferrite rods were used in the construction of the helical
delay lines, and the ferrite powders were used in the construction of the
ferrite loaded dielectric lines.
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TABLE II

MAGNETIC PROPERTIES OF FERRITE MATERIALS

Property Units T-1 0-3 Q-1 Q-3 H 0-5

Initial 2000 @ 1500 @ 125 16 850 2200
Permeability 100 kHz 100 kHz ;

Maximum 3600 4000 400 42 4300 5400 4
Permeability

Saturation Gauss 4400 4500 3300 2600 3400 4700

Flux Density

Residual Gauss 1000 1600 1800 1470 1470 1100
Magnetism

Coercive Force Oersted 0.18 0.15 2.1 21 0.18 0.11

Maximum Fre- 400 kHz 400 kHz 10 MHz 150 MHz 1 MHz 500 kHz
quency Range

Curie Point °C 180 190 350 500 170 215

Loss Factor PPM 25 @ 33 @ 200 @ 430 @ 300 @ 40 @

100 kHz 100 kHz 10 MHz 100 MHz 1 MHz 500 kHz

The construction details of the helical delay line are shown in Figure 8.
Basically, a coaxial-line section is used with the center conductor replaced :
with a helix on a ferrite rod and a high-permittivity dielectric material is
used to fill the annular space. A 1l-turn helix using 27 AWG enamel-insulated
copper line was wound on the ferrite rod. The turn spacings were tapered
at the rod ends for impedance matching. Powdered titanium dioxide with a
dielectric constant of 100 was used in the annular space. The coaxial line
dimensions and helix design were based on data in Megla's paper (Reference
11). Three helical delay lines were constructed using identical dimensions,
but with different ferrite rods. All the ferrite rods were 0.25 inch in
diameter and were H, Q-1, or 0-5 grade ferrites. The helical lines were
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Figure 8. Constryction of Helical Delay Line.

magnetized in the longitudinal direction (H-vector parallel to long dimension
of line) using a solenoid that surrounded the helical line. The solenoid
was 3.5 inches long with an inner diameter of 1.0 inch. The solenoid was
constructed with 1500 turns of 22 AWG enamel-coated copper wire.

The ferrite loaded dielectric delay line construction is shown in Figure
9. These coaxial sections used brass center conductors with a ferrite powder
and epoxy mixture between the inner and outer conductors. The ferrite powder
was mixed with the epoxy in a 4:1 ratio by weight. The epoxy binder is a
mixture of epoxy, hardener, and a debubbling agent. Epon Resin 828 manufac-
turered by Shell Chemical Company was used as the epoxy and the hardener
was diethylene triamine marketed by Magnolia Plastics, Inc. The debubbling
agent was Plastolein 9051 DNHZ, which was obtained from Emery Industries,
Inc. The measured permeability and permittivity of the ferrite loaded dielec-
tric mixtures are given in Table III. The coaxial line sections were designed
for 50 ohm impedance using the equation:

u r

= 1 _r _2 8
2,= 1384/ log,, - (8)
r 1

where: zo = impedance in ohms
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Figure 9. Construction of Ferrite Loaded
- Dielectric Delay Line.

TABLE III

PERMEABILITY AND PERMITTIVITY OF
FERRITE/DIELECTRIC MIXTURES
(4:1 Mixture, Frequency = 400 MHz)




ur = relative permeability

Er = relative permittivity

r, = radius of outer conductor, inches
ry, = radius of inner conductors, inches

The ferrite loaded dielectric lines were magnetized in the transverse
direction (H vector perpendicular to the long dimension) using a stator from
a Barber-Colman shaded-pole motor (part number DYAR 876-118). Use of the
stator proved to be an economical method of generating strong magnetic fields.

Four different ferrite loaded dielectric lines were constructed using T-1,
0-3, Q-1, and Q-3 ferrite grades.
The ferrofluid dielectric delay line was constructed according to the

e ol T e PR TR 1 T

details in Figure 10. The ferrofluid was obtained from Ferrofluidies Corp.,
Burlington, Massachusetts. HO1 hydrocarbon base fluid, which has a magnetic
saturation of 200 gauss and a dielectric constant of Zd at 1 kHz, was used
between the inner and outer conductor of the delay line. The line was designed
using Equation 8 to have 50 ohm input impedance. The center conductor in

the coaxial section had a diameter of 0.0625 inches. The stator of the shaded-
pole motor was also used as the magnetic field drive for the ferrofluid dielec-
tric delay line.

4.2 TEST INSTRUMENTATION

The instrumentation used to measure the phase shift and loss through
the design models is shown in Figure 11. The signal generator was set at
a test frequency and the vector voltmeter locked at the frequency. The rela-
tive phase shift was observed on the vector voltmeter as the current in the
coil surrounding the delay line was varied. The insertion loss was measured

by switching between the reference and signal lines of the vector voltmeter.
By repeating this procedure, phase shift and insertion loss for each delay
line was measured as a function of the applied DC magnetic field. The phase
shift at each frequency was converted to time delay using the following equa-
tion:

t
T d
360 ¢ 9)




e e e syl

Ferrofluid
Dielectric

r‘_—ﬁ} =

5/8" Brass Tubing

/ (

"
UG~23/C/U N 2 | yG-21/D/U
Connector Connector
Figure 10, Construction of Ferrofluid
Dielectric Delay Line.
Vector
Voltmeter
HP 8405A
Ref Signal
DaVaV W .W.VW. V.
Signal * ’
Generator . . Vo
Pad e Load
HP 8640B = =

///////,J' Ammeter
Delay Line

D.C. Power
Supply

Figure 11, Instrumentation for Measuring Phase Shift
and Loss Through Delay Line.




-,

where T = period of the signal, seconds
= measured phase shift, degrees
td = time delay, seconds.

The magnetic fields of the shaded-pole stator and the solenoid were
calibrated using a Bell Model 620 gaussmeter with a Hall Effect probe. The
current was varied in known quantities and the resulting magnetic field meas-
ured using the gaussmeter. The calibration curve for the stator magnetic
field is shown in Figure 12.

4.3 TEST RESULTS

The time delay and insertion loss for each of the design models was

measured at discrete frequencies over the 2-400 MHz range. Table IV lists
the maximum time delays measured for the helical and ferrite loaded dielec-
tric delay lines as a function of frequency for the different grades of fer-
rites. Of the helical delay lines, the line using the H-grade ferrite rods
exhibited the largest time delay in the 2-30 MHz frequency range. However,
it was found during the measurements that the H-grade ferrite was temperature
sensitive. The material has a Curie temperature of 170 degrees Centigrade
which is lowest for the ferrites tested. Of the ferrite loaded dielectric
lines, the T-1 ferrite material produced the largest delays across the 2-
400 MHz range. Notice that the required applied magnetic field for the heli-
cal delay line was 600-800 oersteds while the ferrite loaded dielectric lines
requird 1365 oersteds to obtain the maximum delays. Thus, the helical delay
line has more attractive control power requiréments.

Table V lists the maximum insertion loss measured for the helical and
ferrite loaded dielectric lines. Of the helieai delay lines, the Q-1 helical
delay has the lowest insertion loss over the 2-30 MHz range. Again, for
the ferrite loaded dielectric linés, the T-1 ferrite material has the best
overall performance over the 2-400 MHz range.

In Figures 13, 14, and 15, time delay and insertion loss are shown for
the H grade ferrite helical delay line at 2, 15, and 30 MHz, respectively.
Similar graphs are shown in Figures 16, 17, and 18 for the Q-1 grade ferrite
helical delay line.
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TABLE 1V

COMPARISON OF MAXIMUM DELAY TIMES VS DELAY LINE TYPE
(Delay Times in Nanoseconds)

Applied
Delay Line Magnetic Field Frequency (MHz)

(Cersteds) 2 10 15 25 30 _50 100 200 300 400
Q-1 Helical 600-800 6.5 5.0 3.9 2.4 1.9 .8 .2 .8 6 .6
H Helical 600-800 7.9 5.8 4.4 2.5 2.4 .3 1.3 1.9
0~5 Helical 600-800 7.6 5.4 3.5 1,1 1.6 .1 .3 .02 .03 .04
T-1/Dielectric 1365 2,1 .9 2.0 1.0 2.0 .9 1.0 1.0 .9 .8
0-3/Dielectric 1365 2.5 1.5 1.4 .8 4 .5 .4
0-1/Dielectric 1365 1.0 1.0 .7 .4 1 .2 .3
Q-3/Dielectric 1365 1.0 1.1 .8 .4 W1 .2 .3

Graphs of the time delay and insertion loss for the T-1 ferrite loaded
dielectric line are shown in Figures 19, 20, and 21 for 200, 300, and 400
MHz, respectively. Figure 22 is a graph of the dispersion characteristics
of the line for frequency variation from 200 and 300 MHz center frequency.

Limited measurements were made on the ferrofluid delay line over the
2-400 MHz frequency range. However, the line exhibited only fractions of
a nanosecond time delays. Since its performance in comparison to the helical
and ferrite loaded dielectric line was poor, it was decided early that this
type of line was not a good candidate. The low variation of time delays
measured may be a result of the low concentrations of ferrite material within
the HO1 ferrofluid.

4.4 CONCLUSIONS -~ EXPERIMENTAL RESULTS

For the HF frequency range, the helical delay line shows promise of
meeting some of the design goals for the desired time delay characteristics. 5
Based on the measured data for the H grade ferrite delay line at 30 MHz,
a 15 inch line should be capable of providing the desired 10 nanoseconds
variable delay. The insertion loss at 30 MHz for a 15 inch line would be
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TABLE V

COMPARISON OF MAXIMUM INSERTION LOSSES VS DELAY LINE TYPE
(Insertion Loss in dB)

Applied
Delay Line Magnetic Field Frequency (MHz)

(Oersteds) 2 _10 _15 _25 30 50 _100 _200 300 _400
Q-1 Helical 0 .1 2.1 3.8 6.7 7.9 11.3 14.1 3.1 12.2 4.8
H Helical 0 1 2.4 42 7.5 8.8 13.0 24.0 19.0
0-5 Helical 0 .1 3.2 5.9 10.3 11.0 9.8 10.1 8.0 7.1 12.0
T-1/Dielectric 0 .1 .1 .2 .2 .8 1.7 4.2 9.0 14.0
0-3/Dielectric 0 .01 .1 1.0 3.1 6.2 9.5 13.0
Q-1/Dielectric 0 .01 4 1.6 3.5 3.7 2.0 3.8
Q-3/Dielectric 0 .01 ) 1.5 3.4 3.9 2.1 3.4

about 35 dB. However, it may be possible to reduce this loss by using smallar
diameter ferrite rods and better high-permittivity dielectric materials.
The powdered titanium dioxide was the only dielectric material available
at the time of the construction of the helical lines and hence may not be
the best choice.
In comparison to the other lines, the T-1 ferrite loaded dielectric
line has the best characteristics for the UHF frequency range. However,
to obtain the desired 10 nanoseconds delay variation at 400 MHz would require
a 25 inch line which would have a prohibitively large insertion loss. For
this reason, the ferrite loaded dielectric line does not show promise as
a method to obtain the desired time delay characteristics.
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5.0 RECOMMENDATIONS —

Based on the techniques surveyed and the experimental results, the heli-
cal delay line through improved designs may be capable of achieving the design
goals for the HF band.’ Additional work needs to be completed in the following
areas:

(1) Better construction techniques and material selection are needed
to further refine the helical delay line.

(2) Longer length helical delay lines need to be constructed. These
lines need to be tested as to the obtainable time delay and the
required magnetic field drive.

(3) Additional tests are needed to determine the dispersive character-
istiecs of the helical delay line.

(4) Additional tests are needed to characterize the insertion loss

of the helical delay line as a function of input power.

For the UHF band, other transmission-line configurations and techniques
need to be investigated. Perhaps a ferrite loaded stripline with a meander
line center conductor is a good candidate. Additional investigations as
to ferrite material selection are needed. The ferrite materials used in
this effort are intended primarily for the HF and VHF applications. Perhaps
a better approach at UHF would be to use ferrites intended for microwave
frequencies. The technique of biasing ferrite materials above fenromagnetic
resonance to reduce losses and increase power capability should be investi-
gated, particularly if the stripline with meander line configuration is used.
The other alternative is to try a different technique for the UHF band.
Possibilities include the YIG delay line, digital delay line, or the magneto-
elastic delay line.
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